We discuss the hydrodynamics of a wave energy converter consisting of two vertically floating, coaxial cylinders connected by dampers and allowed to heave, sway and roll. This design, viable in deep water and able to extract energy independent of the incident wave direction, is examined for monochromatic waves as well as broad-banded seas described by a Pierson Moskowitz spectrum. Several possible device sizes are considered, and their performance is investigated for a design spectrum, as well as for more severe sea states, with a view towards survivability of the converters. In terms of device motions and captured power, a quantitative assessment of converter design as it relates to survival and operation is provided. Most results are given in dimensionless form to allow for a wide range of applications.
Introduction

1
The intention of this study is two-fold, providing on one hand a rather comprehensive account of the 2 hydrodynamics of a system of two coaxial, vertically-floating cylinders envisioned as a model for a wave 3 energy converter (WEC), and subsequently assessing the size and survivability of this system for various 4 sea-states. The optimal size of a floating-body WEC will depend significantly on the length of the waves 5 typically encountered. This dependence highlights a major difficulty of floating-body WEC design: the 6 WEC must be small enough to undergo significant motions, and so generate power, and yet large enough 7 to be robust and survive the challenges of the marine environment. The system proposed here to model a WEC relies on the relative motion of two bodies, rather than 9 on the motion of a body relative to a fixed frame (which may be either the sea bed or a bottom fixed 10 structure), and is termed a wave-activated body or self-reacting device. Such devices may be installed in 11 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 configuration of floating cylinder and submerged sphere was then assumed connected to the sea bed by a 41 generator, and its performance analyzed. Zheng et al [16] , in a generalization of Berggren & Johansson 42 to three modes of motion, considered the hydrodynamics of two unconnected, coaxial floating cylinders, 43 again without considering power capture. The power capture for a self-reacting device consisting of two 44 vertical cylinders moving in heave was recently obtained for attacking monochromatic incident waves by 45 Wu et al [17] , albeit with a rather terse discussion of their results.
46
The present work combines features of several previous studies, and considers the novel case of two 47 floating cylinders, each allowed to move in all three modes of motion available to an axisymmetric body, 48 connected by an idealized power take-off (PTO) represented by a linear damper of constant charac-49 teristics.
2 . Subsequent to a detailed description of the wave-structure interaction problem, based on waves.
54
We undertake our parametric study with an eye towards applications, and thus also consider irregular sites where an assessment of the wave resource has been carried out, where this is not the case estimates 58 based on wind speed will need to be made. To this end, we present our data nondimensionalized on the 59 basis of wind speed, which uniquely determines the PM spectrum. Values of significant wave height and 60 peak period may be readily derived therefrom, and the data recast in these terms if desired. When an 61 incident spectrum is considered, it is no longer possible to assign a simple value to the displacement in 62 heave, sway, and roll of a floating body. To remedy this, the notion of significant displacement, derived 63 from the spectral description of the sea surface, is introduced to give some quantitative information about 64 the three motions of the device. This also allows for a measure of survivability for various WEC sizes 65 and sea-states, by examining under which conditions the device displacements grow large. An illustrative 66 grading system is devised to categorize the various performance metrics of the self-reacting WECs.
67
The paper is organized as follows: in Section 2 we present the physical set-up of the problem. This
68
2 While studies on PTO control show a promising potential for enhancing performance, particularly for devices with a narrow-banded natural response, practical and robust applications must still be developed (see Hong et al [18] ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 x−direction, the two cylinders roll around the y-axis in the mean free surface (z = 0), yielding a relative 96 angle about this axis.
97
This formulation of the problem leaves us with thirteen parameters ({H i | i ∈ {1, 2, 3}}, {l j , ρ j | 98 j ∈ {1, 2, 3, 4}}, R, and C) characterizing the WEC. Before proceeding, we will make several restrictions 99 to ensure that the problem remains manageable; nevertheless, we shall see that a wealth of interesting 100 phenomena and properties of the WEC are still accounted for.
101
For simplicity, we will take the drafts and distance between the cylinders identical to their radius, and denote the single size parameter by q, i.e.
For the density distribution of the cylinders, we shall assume
where ρ is the density of the water. Thus, the design problem is reduced to two parameters, a size q
102
and dashpot coefficient C, whose interplay with incoming waves of certain frequencies is the issue at 103 hand. We shall see that suspending the lower cylinder at a depth 2q below the still water surface has 104 the desired effect of rendering its motion rather small, and thus creating a relatively stable point for the 105 upper cylinder to react against.
106
There are several reasonable criteria which may govern the design of a WEC. Evidently, the WEC
107
should capture as much of the incoming wave energy as possible. At the same time, as economic viability 108 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 is the prime driver behind wave energy technology, the costs should be kept low; in practical terms, this One of the most common descriptions of a sea-state for engineering purposes is the unidirectional Pierson Moskowitz (PM) spectrum, here given as a function of wavenumber k :
where U is the mean wind speed at a height of 10 m above the mean surface level, and g is the gravitational 114 acceleration. This empirically derived formula gives the energy distribution for wind waves in deep water,
115
and differs from the JONSWAP spectrum only by the addition of a spectral-peak enhancement factor.
116
This spectrum (3) readily yields a number of important values associated with the sea-state:
where H (1/3) is the significant wave height and k p is the wave number of the spectral peak for a given wind speed U . This makes it easy to present subsequent results in an alternative form when desired. A monochromatic wave with wavenumber k p and the same wave energy density as the PM spectrum will have an amplitude
For subsequent illustration it will be necessary to have some concrete, physical examples, which means 118 specifying a sea-state via a wind speed value U. Our design conditions (denoted by a subscript d) will
119
correspond to a wind speed U d = 10 m/s, while we will consider two "severe states" (denoted by subscripts 120 s1 and s2) with regard to the survivability, corresponding to wind speeds U s1 = 15 m/s and U s2 = 20 121 m/s. These are summarized in Table 1.   122 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   Table 1 : The wind speed U, significant wave height H (1/3) , peak wavenumber kp, and peak wavelength λp = 2π/kp associated with PM spectra used for design and survivability considerations. we only indicate the most important equations, and refer the interested reader to work cited above.
128
The fluid is assumed to be incompressible and inviscid, and the flow irrotational. Introducing a velocity potential Φ(r, θ, z, t), and assuming periodic motion of frequency ω, the potential is separated into the spatial and temporal parts,
where φ(r, θ, z) satisfies the Laplace equation:
subject to the linearized boundary conditions on the free surface z = 0 and on the bed z = −h:
where σ = ω 2 /g.
130
At the interface between structure and fluid, the normal velocity of the structure must equal that of the adjacent fluid particles, written in terms of the potential (7): where V n is the component of the structure's velocity in the direction of the outward pointing normal vector n, which may be applied at the equilibrium surface under the assumptions of linearity. Owing to this very linearity, we continue with a decomposition of the problem into two parts: one due to the waves (φ S ) scattered from the structure (which is assumed fixed) by the incident wave field, and one due to the waves (φ R ) radiated by the motion of the structure, such that φ = φ S + φ R . φ S is decomposed further into the potential due to the incident wave φ I and that due to the waves diffracted from the fixed structure φ D , where
The remaining radiated part of the potential φ R must then satisfy (11), where the normal velocities are 131 to be determined from the equations of motion. We shall consider an incident monochromatic wave with 132 amplitude a 0 , so that φ I is known a priori.
133
Introducing the as-yet unknown displacements of the upper (j = 1) and lower (j = 2) cylinder for the 134 three modes of motion
ζ xj = ζ xj0 e iωt for sway,
θ j = θ j0 e iωt for roll,
where ζ zj0 , ζ xj0 and θ j0 are the complex amplitudes of the corresponding displacements, we can write the boundary condition (11) for the spatial part of the total potential φ in the following form
where (16) bed (region III), and one outside the vertical extension of the cylinders (region I), as depicted in Figure   141 2. Subsequently the scattering problem is divided into three problems, one in each subdomain, and the 142 radiation problem for each of the three modes of each of the two cylinders is divided into three problems.
143
The reader may appreciate the effort involved in keeping track of, solving, and subsequently matching 
146
The full expressions for the exciting, hydrodynamic, and hydrostatic forces are lengthy and will not 147 be given. We note only that we have found excellent agreement between our results and published work 148 [5, 7, 10, 16, 8, 11, 22] .
149
The forces due to the fluid, together with those due to the dampers are employed with Newton's second law to yield the body motions. The first two equations, (20) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 y−axis to the angular acceleration times moment of inertia of the upper and lower cylinder, respectively.
The terms appearing in the above equations are given in Table 2 .
Mass of cylinder i.
Moment of inertia of cylinder i about the y-axis.
Exciting forces/torques on cylinder i in the x, y, and z directions
Hydrodynamic force/torque of the α motion of cylinder i in the β direction of cylinder j.
Hydrostatic forces/torques in the y and z direction on cylinder i.
Forces/torques caused by the damping system in the y and z direction on cylinder i.
Displacement amplitudes of cylinder i in sway (ζ x ), heave (ζ z ), and roll (θ). Table 2 : Notation for terms appearing in (20)-(25). Terms with subscripted x or z are forces, and terms with subscripted y are torques.
150
The masses and moments of inertia have the explicit form (see (1), (2)) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 and the damping forces are
After the displacements of the cylinders are obtained, the captured power can then be calculated as follows:
where ζ * zj0 and θ * j0 are the complex conjugates of ζ zj0 and θ j0 , respectively. 
Design of the WEC for monochromatic waves
152
We now undertake to examine the design of the WEC, based on the three parameters characterizing the 153 environmental conditions ρ, g, and U, the two WEC parameters q and C, and the seven WEC performance 154 parameters calculated from the wave-structure interaction problem P a , ζ x10 , ζ x20 , ζ z10 , ζ z20 , θ 10 and θ 20 .
155
An application of Buckingham's π theorem [23] yields that there will be nine dimensionless quantities that 156 characterize this problem:
U 2 /g , and θ j0 , where j ∈ {1, 2} again denotes the 157 upper and lower cylinder, respectively. In the sequel, we will make use of a ∼ to denote nondimensional 158 variables, i.e., the nine dimensionless quantitites above will beq,C,P a ,ζ zj0 ,ζ xj0 , andθ j0 . For simplicity of presentation and ease of understanding we initially consider only the heave mode, 161 motivated by the fact that, while sway and roll are generally coupled, they are both independent of heave.
162
The response of the WEC under incoming monochromatic waves is first considered, where our physical equal to that of S d , see (6) and Table 1.   166 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 4.1.1.
Step 1: determination of the WEC's size 167 We first choose the dashpot coefficient C to be zero, which means that the two cylinders are freely floating. In this case, once the incident monochromatic wave is given, the only WEC parameter to be determined is q. Dimensional analysis can then be applied to the problem of determining the quantity of interest q for the motions of the upper cylinder ζ z10 and the lower cylinder ζ z20 separately. Once again, Buckingham's π theorem yields that, for the variables ρ, g, U, q, and ζ zj0 , there exist exactly two nondimensional quantities, which must be related by a relatioñ
The maximum displacement of the cylinder j as a function of sizeq thus corresponds to the extrema of 168 Ψ 1 . Equation (27) is plotted in Figure 3 for the upper and lower cylinders. As we are ultimately interested in relative displacements of the cylinders, the global maximum of 170 Ψ 11 (ζ z10 ) and the local maximum of Ψ 12 (ζ z20 ) which occur atq = 0.97 yield the chosen design size. Step 2: determination of the dashpot coefficient C
172
The maximum displacement in Fig. 3 is related to the resonance between the cylinders and the incident 173 monochromatic wave. The introduction of a damper, while changing the magnitude of the displacement,
174
can be shown to have no effect on the location of the resonant maximum, which remainsq = 0.97 (see 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 is used to specify the damping coefficient C.
177
Given the unique relationship between q and ζ zj0 , independent of C, described above, the dimensional analysis yields an equationP
where Ψ 2 is plotted in Fig. 4 for the WEC size as determined in the last section (q = 0.97).
178
Figure 4: The relationship between the captured powerPa and the dashpot coefficientC for the heave motion induced by the design monochromatic wave, whereq = 0.97.
We elect to determine the dashpot coefficient C from the maximum of captured power P a in Figure   179 4, calculated from the heave terms only in (26). This results inC = 0.32 andP a = 0.0034.
180
Thus, the WEC design for a monochromatic wave has been determined. Taking the design wave 181 introduced in the beginning of Section 4 as a physical example, the WEC has the dimensions q = 9.9m 
General motions of the WEC in monochromatic waves
185
Having treated the simpler case of heave-only motion, we now consider the general case in which the 186 WEC is additionally allowed to undergo sway and roll motions. Akin to the previous section which only 187 dealt with the heave motion, the design procedure of the WEC in the general case is also divided into 188 two steps, as illustrated in detail below. directions, and the angle around the y axis.
193
Once the monochromatic wave is given, or equivalently, once the mean wind speed for the corre-
194
sponding PM spectrum is given (recall that this can be used to specify a monochromatic wave for design 195 purposes by (6)), the physical process of determining the size of the WEC can be written in the following 196 dimensionless form:
where ζ zj0 and ζ xj0 denote the amplitudes of the vertical and horizontal displacements respectively, θ j0
198 is the amplitude of the angle around the y axis, and j = 1, 2 corresponds to the upper and lower cylinder,
199
respectively. We now seek the maxima of the functions Ψ 1j , Ψ 2j and Ψ 3j , which correspond to the six 200 curves presented in Fig.5 .
201
Due to the increase in number of modes, the picture of the displacements is more complex than in the 202 preceding section. It may be observed that the heave mode is decoupled from the sway and roll modes, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 
4.2.2.
Step 2: Determination of the dashpot coefficient C
207
As in the preceding section, we now suppose that the size of the WEC is given. The captured power P a then depends on the dashpot coefficient C. The determination of optimal power absorption as a function of dashpot coefficient is described in dimensionless form bỹ
where, as we have seen, there is some flexibility in choice of q. The function Ψ 4 is plotted in 
213
The situation for monochromatic incident waves is summed up in Table 3 , which shows the nondi-214 mensional size, optimal damping, captured power, and displacement amplitudes for the cases discussed with relatively low, the other with relatively high dampingC, compared to the heave case (see Figure 6 ).
220
This opens up the possibility that the overall optimal design may not coincide with a design optimized Table 3 . In each of Cases B through H, a damping C has 224 been chosen to maximize the captured power. 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 This situation is depicted in Figure 7 , which showsP * a ≡ P * a /(ρU 3 ), the dimensionless captured power 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
225
Design of the WEC for a PM spectrum
234
Up to this point, we have considered WEC design for monochromatic waves. In brief: a given wind 235 speed U determines the two necessary parameters, wavenumber k p and amplitude a 0 from (6). 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 For a monochromatic wave, the absorbed power P a (see (26)) and displacements ζ αj0 are written as
where j = 1, 2 denotes the upper and lower cylinders, P * a is the absorbed power per unit wave amplitude square, andÂ αj with α ∈ {x, y, z} denote the relative amplitudes of sway, roll and heave motions, respectively. For a given spectrum S(k) the total absorbed power by a device of type (q, C) is
Just as the spectrum describes the distribution of wave energy among different frequencies, and allows for statistical inferences such as a definition of the significant wave-height, so analogously we may consider a displacement spectrum
and define the significant displacement by
Here H
(1/3) α (α = x, y, z) is the the distance from the displacement's trough to crest and
are the so-called "significant amplitudes of the displacement" in z and x directions, and the angle around 249 y axis, respectively.
250
Applying the concepts developed above to the problem of power absorption from an incident, broad-251 banded sea, we evaluate the above expressions for the spectra introduced in Section 2. The results are
252
given in nondimensional form in Table 4 , which shows the captured power and displacement amplitudes 253 for the spectra S d , S s1 and S s2 , nondimensionalized by U = U d . This may be compared to the analogous 254 Table 3 for the monochromatic case. In the following section, we turn to a discussion of these results. 255 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 64 65 as assessed from the device motions.
259
We note that the Cases A1 through H presented above are ordered by increasing size q which may be 260 assumed correlated to the cost per device, all other things being equal. Due to the burgeoning state of 261 wave energy technology, it seems premature to speculate any further about cost, given that it depends 262 not only on device size, but also design specifics such as materials and component costs, as well as costs 263 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 related to regular maintenance or major overhaul, both factors which will in turn be affected by size.
264
In the following sections, we will delve into a detailed analysis of the WEC behaviour with a view to 265 power capture and survivability. Subsequently, a synthesis of these two viewpoints is attempted, bearing Table 5 .
273 Table 5 : Dimensional absorbed power Pa (Watt) for cases A1 through H, for an incoming monochromatic wave (P m a ) and the design PM spectrum with U = 10 m/s (P d a ), both with the same energy density of 3.7 KJ/m 2 . Also given are the absorbed power for the severe spectra S s1 (P s1 a ) and S s2 (P s2 a ).
Cases: waves, power absorption is dramatically lower for an incident PM spectrum.
279
Likewise, though the heave-optimized device E is clearly superior to devices of similar size (D and F)
280
for monochromatic waves, this situation sees a dramatic reversal in the case of incident irregular waves.
281
That devices either larger or smaller than the heave-optimum outperform it for irregular seas clearly
282
demonstrates the pitfalls of a design based on monochromatic waves.
283
Dimensional values of captured power are also provided for the two severe spectra, S s1 corresponding 284 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 to a wind speed U s1 = 15 m/s, or an energy density of 18.7 KJ/m 2 , as well as S s2 , corresponding to a 285 wind speed U s2 = 20 m/s and an energy density of 59.6 KJ/m 2 . As expected, the larger devices benefit 286 most from this increased wave resource, while a sea composed of increasingly long waves (λ p for S s1 is 287 217 m, and for S s2 is 385 m, see We come now to the less well-defined of the two concepts with a bearing on the performance of a al [24] we distinguish between the reliability of a WEC, related to failure during normal operation, and 295 survivability.
296
While it is clear that WECs must be robust in design, as during a ten-year operational period a 297 converter may expect to see some tens of millions of waves, during particularly severe events, power 298 production will need to be halted in order to avoid damage to the device or loss of station-keeping.
299 Table 6 : Relative heave displacements versus draft ζ r z = (ζ We have developed an example framework for survivability for the twin-cylinder WEC in the three 300 spectral sea states considered, which is presented in Table 6 . The maximum allowed relative vertical
z20 is limited to q/3, while the maximum allowable roll is 30
• . Those cases which exceed 302 these values are marked red (PDF only). A vertical travel between q/4 and q/3 or a roll between 22.5
and 30
• is marked orange, while a vertical travel of between 0.15q and 0.25q or a roll between 13.5 • and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 22.5
• is marked yellow (PDF only). Device motions smaller than these are marked green (PDF only).
305
Recall that these nondimensional quantities depend only on the relations U s1 = 1.5 · U d and U s2 = 2 · U d 306 as specified in Section 2, and the concomitant changes in significant wave-height and peak wavenumber. 
321
From a pure survivability standpoint, it is immediate only that the smallest converter A1 is not viable.
322
In particular, the very small damping of this configuration (see Table 5 ), while allowing for efficient 323 power capture from the roll mode, also leads to overly large displacements even for design conditions.
324
With survivability as the central aim of design, larger structures will necessarily fare better, though the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 and other environmental factors from seasonal variability to extreme events, will need to be taken into 334 account for a fuller analysis. For specific full-fledged designs, detailed information about performance 335 and survival may be sought through tank testing of scaled devices and CFD simulations (see e.g. 26 ). In 336 addition, WEC cost will not be considered, and is likely to impact significantly the ultimate design.
337
The lessons to be drawn from our comparison will likely change as wave-power technology matures.
338
In a parallel with the development of wind power over the past four decades, current commercial and between devices operating preferentially in roll/sway and those operating preferentially in heave.
372
Despite the multiplicity of possible designs when the device is allowed to undergo heave, sway, and roll 
383
To this end, we have devised some example metrics for grading the sizes of our twin-cylinder WEC. We 384 note that wave energy presents particular difficulties in many respects. While a fixed offshore structure 385 may be designed for survival with very high safety factors, this is inappropriate for oscillating body and it becomes clear that survival is a paramount issue. We have presented an example approach to 390 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 quantitatively evaluate the competing aims of survivability and power extraction within the framework 391 of our floating twin-cylinder device. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 
